Autism spectrum disorders (ASD) are a group of related neurodevelopmental syndromes with complex genetic etiology. 1 We identified a de novo chromosome 7q inversion disrupting Autism susceptibility candidate 2 (AUTS2) and Contactin Associated Protein-Like 2 (CNTNAP2) in a child with cognitive and social delay. We focused our initial analysis on CNTNAP2 based on our demonstration of disruption of Contactin 4 (CNTN4) in a patient with ASD; 2 the recent finding of rare homozygous mutations in CNTNAP2 leading to intractable seizures and autism; 3 and in situ and biochemical analyses reported herein that confirm expression in relevant brain regions and demonstrate the presence of CNTNAP2 in the synaptic plasma membrane fraction of rat forebrain lysates. We comprehensively resequenced CNTNAP2 in 635 patients and 942 controls. Among patients, we identified a total of 27 nonsynonymous changes; 13 were rare and unique to patients and 8 of these were predicted to be deleterious by bioinformatic approaches and/or altered residues conserved across all species. One variant at a highly conserved position, I869T, was inherited by four affected children in three unrelated families, but was not found in 4010 control chromosomes (p ¼ 0.014). Overall, this resequencing data demonstrated a modest nonsignificant increase in the burden of rare variants in cases versus controls. Nonethless, when viewed in light of two independent studies published in this issue of AJHG showing a relationship between ASD and common CNTNAP2 alleles, 4,5 the cytogenetic and mutation screening data suggest that rare variants may also contribute to the pathophysiology of ASD, but place limits on the magnitude of this contribution.
The clinical hallmarks of ASD (MIM 209850) are derangements in reciprocal social interaction, abnormal development of speech and language, and the presence of highly restricted interests and stereotyped behaviors. 6 Fundamental impairment in some but not all of these domains defines a spectrum of conditions that includes Asperger syndrome and Pervasive Developmental Disorder Not Otherwise Specified (PDD-NOS). In the DSM-IV, rare developmental disorders including Rett Syndrome and Childhood Disintegrative Disorder 6 are grouped in the same diagnostic category. A majority of patients with ASD have MR in addition to their social disability and up to one-third suffer from seizures. 6 Individuals with ASD also show an increased burden of chromosomal abnormalities 1 and de novo rare copy number variants. 7 Despite multiple lines of evidence suggesting a complex genetic etiology, common ASD variants have been extremely difficult to identify. 1 In addition, to date there has not been a convergence between the rare mutations identified in nonsyndromic autism, such as those in the Neuroligin gene family, [8] [9] [10] [11] [12] [13] and those genomic regions most strongly implicated by nonparametric linkage or common variant association studies. Difficulties in clarifying the genetic substrates of ASD likely reflect the combination of marked locus and allelic heterogeneity, the absence of reliable biological diagnostic markers, and the likelihood that any contributing common alleles will be found to carry quite small increments of risk, requiring very large sample sizes to definitively confirm their contributions. 1 Because of high rates of overlap between ASD, MR, and chromosomal abnormalities, we have used molecular cytogenetic mapping of balanced rearrangements in children with social and cognitive delays as a means of identifying candidate genes that may harbor rare disease alleles. We evaluated a patient with MR and a de novo inversion of chromosome 7 (46,XY,inv(7)(q11.22;q35)) (Appendix A). Based on the Autism Diagnostic Interview-Revised (ADI-R), the index case met ''broad spectrum'' criteria according to the Autism Genetics Research Exchange (AGRE) phenotype algorithm (Appendix A) but did not meet the full criteria for ASD according to the combination of ADI-R and Autism Diagnostic Observations Scales (ADOS). We mapped the chromosomal rearrangement by using fluorescent in situ hybridization as described 14 and found that the inversion breakpoints disrupted the genes AUTS2 at 7q11.22 and CNTNAP2 at 7q35 (Figure 1 ). AUTS2 maps to a 1.2 MB genomic region of 7q11.22; BAC RP11-709J20 spans the inversion and is within intron 5, placing the break between exons 5 and 6. CNTNAP2 maps to a 2.3 MB genomic region on 7q35; BAC RP11-1012D24 was found to span the inversion and includes coding exons 11 and 12, placing the break between exons 10 and 13. We further evaluated the patient by performing array-based competitive genomic hybridization with a chromosome 7-specific microarray containing approximately 385,000 probes with an average spacing of 400 base pairs (Nimblegen). No largescale deletions or duplication were observed within several megabases of the breakpoints. Both genes, either alone or in combination, represent strong candidates for contributing to the etiology of the cognitive and social delays seen in the index case. AUTS2 encodes a predicted protein of unknown function that was originally identified through mapping of a chromosomal abnormality in a pair of twins with ASD. 15 Additionally, three cases of MR and balanced translocations of AUTS2 have been reported recently. 16 However, a copy number polymorphism in unaffected individuals has also been reported at the AUTS2 locus, 17 suggesting that haploinsufficiency and structural rearrangements at this interval may be tolerated in some cases. We evaluated the expression of AUTS2 mRNA by RT-PCR in peripheral lymphoblasts from the patient as well as unaffected family members; the patient's expression levels were normal for exons 5 0 to the break, but reduced by approximately 50% for exons distal to it (data not shown). Results of resequencing of this gene will be described in a separate paper. CNTNAP2 is also a strong candidate for involvement in social and cognitive delay. It is a neuronal cell adhesion molecule known to interact with Contactin 2 (Cntn2), also known as TAG-1, at the juxtaparanodal region at the nodes of Ranvier, which are the regularly spaced gaps between the myelin-producing Schwann cells in the peripheral nervous system (PNS). 18, 19 Whereas previous investigations have largely focused on the role of CNTNAP2 in PNS development, a recent report demonstrated that a homozygous CNTNAP2 mutation in the Old Order Amish population results in intractable seizures, histologically confirmed cortical neuronal migration abnormalities, MR, and ASD. 3 These data, along with our earlier identification of a cytogenetic disruption of CNTN4 in a child with MR and ASD, 2 suggests the possible involvement of a Contactin-related pathway in these disorders.
As was the case with AUTS2, evidence from available reports of cytogenetic abnormalities involving CNTNAP2 has been inconsistent. In one instance, Tourette syndrome and developmental delay were identified in a family carrying a complex rearrangement disrupting CNTNAP2.
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More recently, carriers of a balanced t(7;15) translocation involving the coding region of CNTNAP2 were described as normal. 21 Given the absence of expression of CNTNAP2 in peripheral lymphoblasts, we were not able to directly evaluate expression changes in our index case. However, our characterization of the de novo inversion in the only affected member of the pedigree, our previous findings with regard to CNTN4, 2 and the strong evidence that rare homozygous mutations in CNTNAP2 cause ASD 3 supported the hypothesis that this molecule plays a key role in central nervous system (CNS) development, and autism in particular, and led us to study the transcript and its protein product. We examined the distribution of Cntnap2 mRNA in the mouse and human CNS by using in situ hybridization 22 with digoxigenin-11-UTP RNA probes complementary to bases 3909 to 4890 of the mouse Cntnap2 cDNA (NM_025771) or to bases 1343 to 2496 of the human CNTNAP2 cDNA (NM_014141.3). We found widespread expression in embryonic and postnatal mouse brain including within the limbic system ( Figures 2 and 3C ), a neuroanatomical circuit implicated in social behavior. In human brain, we confirmed previous findings of CNTNAP2 mRNA in all cortical layers of the temporal lobe ( Figure 3 ).
We also evaluated Cntnap2 protein and its putative binding partner, Cntn2/TAG-1, in subfractioned postnatal day 9 rat forebrain lysates. 23, 24 Both Cntnap2 and Cntn2/ TAG-1 were present in the fraction containing synaptic plasma membranes, consistent with their forming a physical complex in this compartment ( Figure 3D ). These data localized CNTNAP2 and elements of a Contactin-related pathway with neuronal structures of marked interest with regard to autism, 8, 9, [25] [26] [27] [28] [29] and prompted us to pursue an intensive genetic investigation of CNTNAP2 among individuals with ASD. All experiments were approved by the Yale University School of Medicine Institutional Animal Care and Use Committee. Given our cytogenetic data and the recent findings of Strauss et al., 3 we elected to resequence all 24 coding exons Figure 2 . Expression of Cntnap2 mRNA in Postnatal Mouse Brain Sections of P9 mouse brain were hybridized with a Cntnap2 antisense probe. We detected expression in the cortex (A-D), septum (A), basal ganglia (A and B), many thalamic (B-D) and hypothalamic (C-E) nuclei, with particularly high levels observed in the anterior nucleus and the habenula, part of the amygdala (C), the superior colliculus and the periaqueductal gray (F), pons, cerebellum, and medulla, again with particularly high levels seen in the inferior olive. All panels represent coronal sections and are shown in anterior to posterior order. Ctx, cortex; CPu, caudate putamen; Se, septum; GP, globus pallidus; Th, thalamus; Hip; hippocampal formation; A, amygdala; HTh, hypothalamus; SC, superior colliculus; PAG, periaqueductal gray; Pn, pontine nuclei.
of CNTNAP2 (Table 1) in 635 affected individuals and 942 uncharacterized controls. This approach was selected because it is robust in the face of allelic heterogeneity and has proven valuable in identifying rare causal mutations in idiopathic autism. 8, 9 Moreover, in other complex genetic disorders, heterozygote nonsynonymous variants found in genes contributing to rare recessive diseases have been shown to confer risks in the broader population. Rat forebrain homogenate (homog.) was subfractionated into postnuclear supernatant (S1), synaptosomal supernatant (S2), crude synaptosomes (P2), synaptosomal membranes (LP1), crude synaptic vesicles (LP2), synaptic plasma membranes (SPM), and mitochondria (mito.). The synaptic membrane protein N-cadherin and the synaptic vesicle protein synaptotagmin 1 served as markers for these respective fractions. Numbers on the left indicate positions of molecular weight markers. Protein concentrations were determined with the Pierce BCA assay and equal amounts of each fraction were analyzed. Monoclonal antibodies to Cntn2/TAG-1 (3.1C12, developed by Thomas Jessell, Columbia University) were obtained from the Developmental Studies Hybridoma Bank maintained by the University of Iowa, to synaptotagmin 1 (41.1) from Synaptic Systems (Göttingen, Germany), and to N-cadherin from BD Biosciences (# 610920). Polyclonal antibodies to Cntnap2 were obtained from Sigma (# C 8737). GATGCACTTCGGAGTTGATACC  420  2  TTAACCAACACATACCAATCGTT  GATTTCTGGTGTCTGCCAACAT  298  3  GAAATAGAGCACTGCCAAGACC  CATTGGATAGAAATTACAGCCTGA  481  4  ACCATTGGATGACATTTGTGTT  GGTAGTTTATTGTCAGAGAAAGCAA  355  5  CATTTATTCTTTGCAGACACCTG  TTTAAAGAATTGAGCAACATGAACA  368  6  TATCCCAGGTTAACTCGAATGG  TCAGGTTTTTAAAATTGTCAGTGTC  466  7  ATTTTGGAGGCAGAATGCTATAA  TTTTGCCCAAACACAAATATGAT  400  8  AGGCTGTGCTTCAAAACTTGTA  GTAACACCAGCAAAACCAAACA  458  9  AAATCGTGATTTGTTGATTTTGG  TTTTTGTTTTGCTCAGTGGAATTA  382  10  GTAGTTGGATGTGATGGCTGTG  TGGTAATTTCCACCTTACCTGTTT  399  11  ATATATTGCCCAGACAGCTTGG  TTGGTTTTTCAGATTCGAGTGA  318  12  GGTTTGCTAGCATTGCAATATG  GAAACAAACCATTGGTGGAACT  292  13  AACACTGTTCTACACCAGCTCAG  TCTTAGCTTCATTCCCCAGAAA  496  14  TCAGAGTATTCCTGGGGAAGTG  TTTGTCAGTTGGGTTAGTTCCA  391  15  TGCTATGAGACCACCTATGGAA  AGTCTGATTGCAGGCATCTTCT  390  16  GAGGATTTGGTCCAATGTTGTT  GGCTTGTGTGTCCACCTCTAGT  465  17  ATTTTGCCATCGACCTTTGTAG  TGTGCAGGCTCTTAAAAATCAAC  468  18  CTATGCAGTGTCATCTCCTACCAC  TTGGAAAATTCCTACCTAAGTTGA  488  19  ACTTACTCAGATGCCCTTCCTG  TGGCAAGTTGTTTTCCTGATATT  539  20  GACATCAAGGGAGGGAGTAAAG  CTATCCCCTCAAAACAAAACCA  667  21  GGTGTTTTAGAGTCAGTGCTGATG  AGAACAACCACGTAACTTTCCTGT  381  22  TGCAGCCCTAAATCTTATCGAC  CCTGAGAACTCCGTACTCACAA  560  23  CTGTTGTGATTCTTGTGGGAGA  CAGCAAAATGAATAATGTAAAAACC  367  24  CTGACGGAGCTGTAGTGAAGTG  CACGGGTCTTTAGAACACCTCTA  611 a As defined by NM_014141.
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PolyPhred software after dye terminating sequencing on one strand. Use of human subjects was approved and performed in accordance with the Yale University School of Medicine Human Investigation Committee. The Institutional Review Board at the University of Pennsylvania School of Medicine provides human subjects protection and oversight for AGRE. We evaluated both cases and controls in the identical fashion in search of rare nonsynonymous, frame-shift, nonsense, and splice-site variants. Those changes that were found only in the case or the control group in the initial sequencing effort were further genotyped with Custom Taqman Genotyping assays (Applied Biosystems) in an additional control sample of 1073 unrelated white subjects. Variants with allele frequencies greater than 1/4000 in the combined control sample were excluded (data available on request). One variant, R283C, which was found once among the sequenced controls, failed further genotyping but was included in subsequent analyses. All rare nonsynonymous variants were examined for conservation across diverse species with a ClustalW alignment to the top full-length BLASTp hits of each species (Table 2 ; see Figure S1 available online). Additionally, substitutions were examined by the amino acid analysis programs PolyPhen and SIFT (protein submission option), with Q9UHC6 as the reference CNTNAP2 protein, to identify those predicted to be possibly or probably deleterious to protein function ( Table 2 ).
The case group was comprised of affected children from 584 families that were obtained from the Autism Genetics Research Exchange (AGRE) and 51 affected children recruited at the Yale Child Study Center. Diagnoses included 96.7% autism, 2.0% broad spectrum, and 1.3% not quite autism (see AGRE diagnosis in Web Resources). Males accounted for 81.1% of the sample. The ethnic/racial composition of the group was 587 white (92.4%), 24 white-Hispanic (3.8%), 7 unknown (1.1%), 6 Asian (0.9%), 6 more than one race (0.9%), 3 black or AfricanAmerican (0.5%), 1 Native Hawaiian or Pacific IslanderHispanic (0.2%), and 1 more than one race-Hispanic (0.2%). The resequenced control group consisted of 942 individuals: 757 white (80.4%), 94 white-Hispanic (10%), and 91 Asian (9.6%). These individuals were not evaluated for developmental delay or autism and were drawn from studies of renal disease, myocardial infarction, or normal human variation panels.
We found a total of 27 nonsynonymous variants among 635 cases, 13 of which had an allele frequency of less than 1/4000 ( Figure 4 ; Table 2 ). Of these 13 rare variants, 8 were predicted to be deleterious or were found at regions conserved across all species examined ( Figure S1 ; Figure 4A ). In four cases, these potentially deleterious alleles were identified in pedigrees with more than one affected individual and three of these showed segregation with ASD in the affected first-degree relatives ( Figure 4B ). Among the 942 controls, 35 nonsynonymous variants were identified; 11 of these were rare and 6 were predicted to be deleterious or were conserved across all species ( Figure S1 ; Table 2 ).
Although the rates of all unique and predicted deleterious/conserved variants were, respectively, 1.75-and 2-fold higher in cases compared to controls, neither met a statistical threshold for an association of increased mutation burden with ASD (Fisher exact test p ¼ 0.21, OR 1.76 95% CI: 0.80-3.87; p ¼ 0.27, OR 1.98 95% CI: 0.72-5.49).
One highly conserved variant, I869T, which was predicted to be deleterious by SIFT, was identified in four affected individuals from three unrelated families with autism but was not present in 4010 control chromosomes, supporting an association for this substitution (Fisher exact test; p ¼ 0.014). In each family, the variant was inherited from an apparently unaffected parent. Its absence among several thousand control chromosomes, its conservation across species, and its segregation with affected status among first-degree relatives ( Figure 4B ) all suggest that this variant warrants further attention. However, in light of the low observed allele frequency, it is not possible to rule out false positive results because of cryptic population stratification, despite the fact that the variant was found only among white families, the ethnic group that also represented the vast majority of controls. When viewed in the context of two independent studies demonstrating linkage and/or association of common SNPs near CNTNAP2 with ASD, 4,5 our results both lend support to these findings and demonstrate the bounds of the potential contribution of rare variants in this transcript. Our confirmation of the expression of CNTNAP2 in brain regions considered relevant in ASD as well as the demonstration of CNTNAP2 protein and its binding partner in the synaptic membrane support the biological plausibility of these findings, particularly given the identification of ASD-related mutations in other synaptic proteins Pedigrees for all families with variants predicted to be deleterious at conserved sites (I to XIII) or which all affected relatives carry the identified variant (IX-X). The individuals carrying the suspect allele are noted and are heterozygous. The brothers inheriting the D1129H variant are monozygotic twins. Affected status was calculated with the AGRE diagnosis algorithm, which is based on ADI-R scores. Blackened symbols represent an autism diagnosis, half-filled symbols indicate a not-quite-autism (NQA) diagnosis, and crosshatched individuals have a broad spectrum diagnosis.
including Neuroligin 3, Neuroligin 4 X-linked, SHANK3, and Neurexin 1. 8, 9, 28, 29 The finding of a disrupted CNTNAP2 transcript resulting from a de novo chromosomal abnormality, the identification of multiple, rare, highly conserved variants in the case group that were not present in controls, and the association of I869T with ASD all suggest that some rare variants that disrupt protein function may contribute to disease risk. However, the absence of a statistically significant burden of rare or highly conserved mutations in cases versus controls suggests that the risk for an ASD diagnosis resulting from rare heterozygote coding changes is not likely to be large, because our sample was well powered to identify an odds ratio of 3.5 or greater (log-additive case-control design, QUANTO v.1.1).
Given the recent spate of whole-genome association studies in complex disorders demonstrating that common disease alleles may confer much smaller risks than previously anticipated, 32, 33 it is plausible that alleles conferring risks lower than 3.5 might still be subject to considerable negative selection, particularly in the case of ASD given its early onset and pathognomonic impairment in social interaction. A much larger case-control mutation burden analysis would be needed to answer this important question. Moreover, if investigations of other complex disorders serve as a model, 30 evaluation of the relationship between heterozygote coding variants and quantitative traits may prove more informative than relying on categorical diagnoses. Again, based on the low frequency of highly conserved nonsynonymous changes in CNTNAP2, a markedly larger sample would be required to support such an analysis. Of course, it is also possible that as a deeper understanding of the mechanism by which homozygous mutations lead to neuronal migration abnormalities and ASD is attained, the ability to better distinguish truly deleterious heterozygote variants from neutral substitutions will increase the power of the type of case-control mutation burden analyses presented here. At present, data from two common variant studies, 4, 5 parametric linkage analysis in an isolated population, 3 as well as the molecular cytogenetic, expression, biochemical, and resequencing studies presented here suggest that further study of both common and rare variation in CNTNAP2 is needed and may lead to a better understanding of the genetic etiology and molecular mechanisms of autism and related neurodevelopmental disorders.
Appendix A
Clinical Description of the (46,XY,inv (7) Clinical genetic evaluation at 3.5 years revealed a past medical history significant for reflux in the first year of life, three previous episodes of pneumonia, hypotonia, tight heel cords, strabismus repair, and left inguinal hernia repair. He had pressure-equalizing tubes inserted into both ears for recurrent otitis media with conductive hearing loss. Family history was significant for two normally developing older siblings, and no history of cognitive or motor delays in an extended 3-generation pedigree. On physical examination, height was 100. Developmentally, the patient did not smile socially until after 3 months, crawled at 13.5 months, walked and said his first word at 24 months, and began constructing 2-word phrases at 3 years of age. The Bayley Scales of Infant Development showed that the child was in the ''significantly delayed'' range. On the Vineland-II, a parent report instrument, the patient had the following standard scores (the mean for each test is 100 with a standard deviation of 15): communication, 67; daily living skills, 77; socialization, 77; motor, 64; and adaptive behavior composite, 68. Tests of fine motor skills with the Peabody Developmental Motor Scales-2 (PDMS-2) placed him 2 SD below the mean.
The patient was evaluated with the ADI-R and ADOS at the Yale Child Study Center at 49 months of age. On ADI-R, the parents reported an age at first word of 30 month and at first phrase of 48 months, which differs slightly from the documented medical history. Additionally, the parents reported that the patient had a ''history of attacks that might be epileptic.'' These, as noted, were followed up by a pediatrician with an EEG, which was normal. The patient met ADI-R scoring criteria for social (10) , behavior (4), and age of onset (4) . The patient did not meet cutoffs on the communication domains: verbal (0) or nonverbal (3) . Based on the ADI-R algorithm used by AGRE repository (from which the mutation screening sample was derived), the patient would be classified as ''Broad Spectrum.'' However, the patient did not meet the ADOS criteria for a diagnosis of ASD.
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